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Introduction
In the design of any gas turbine there are available
to the designer five basic methods for increasing the effi-
ciency, starting from the simple cycle. These are as fol-
lows:
1.) Increase in turbine inlet temperature
2,) Use of regeneration
3.) Use of intercooling
4.) Use of reheating
5.) Improvement in machine efficiency
Of these, the first may be considered the most pro-
mising from the long term standpoint, offering substantial
improvement in thermal efficiency in the simplest cycle
as well as in the most complex.
Many papers have been written, both here and abroad,
discussing various aspects of the idea of blade cooling.
In these, blade cooling is generally presented as a means
for making possible higher turbine inlet temperature and
correspondingly greater power output for a given size of
machine, or else to make possible the use of cheaper and
more readily available materials during war-time shortages.
In the great majority of these papers, thermal efficiency
was given virtually no consideration at all.
Blade cooling is to be considered in this thesis
as a means of improving the thermal efficiency of the gas
turbine by permitting the use of increased turbine inlet
temperature. The improvement obtained in this way is of
course not all clear gain, as there will necessarily be
thermodynamic losses, possibly power for the operation of
auxiliary equipment, greater initial capital investment,
etc., all of which must be charged against the nominal gain
in cycle efficiency before the net gain can be realized.
The comparatively short history of active development
of the gas turbine as a useful source of power has seen a
steady increase in turbine inlet temperature, for the most
part without resort to blade cooling. It is certain that
further progress will be made, with metallurgical improve-
ments in high temperature materials leading the way. Nev-
ertheless, blade cooling must be given due consideration,
since it will always make possible the use of gas tempera-
tures beyond those which any blade material can withstand.
In this thesis a simple blade cooling system will be
suggested and analysed. It is hoped that the results will
give some hint as to the possible merits of blade cooling
as a means for improving thermal efficiency. But more im-
portant, it is hoped that some of the analytical techniques
used may prove useful in future work on this and related
subjects.
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IGains and Losses Resulting from Use of Blade Coolin
In order to justify the use of any blade cooling sys-
tem which introduces complications in design or operation,
it must be shown that a worthwhile net gain in thermal effi-
ciency and/or power output will result. A logical starting
point for any related analysis is to determine quantitative-
ly the temperature ve, thermal efficiency and temperature
vs. power output characteristics of the cycle or cycles
being considered.
The derivations to be outlined below are based on the
simplest possible assumption, namely that turbine inlet
temperature is the only variable. (exhaust temperature
varies as a function of the inlet temperature). Some results
of these derivations will be shown, and in addition, char-
acteristic curves will be shown which are based on slightly
modified assumptions.
For a simple gas turbine cycle (see Fig. la) the
thermal efficiency may be written as a simple function of
the temperatures as follows: (see page42 of Appendix for
nomenclature) ) )
I(T- -~T-) (1)
may be eliminated from this equation (Appendix,
page 44) giving an expression for efficiency as a function
of (3 
~~(
( T 5 - ) I t 
_ 
_
This may be reduced algebraically to
(T5-Tz) (3)
in which, under the initial assumptions, , C, andTz
are constants.
For the regenerative cycle (Fig. lb) a similar analy-
sis gives a modified version of the above. Here the ther-
mal efficiency is
(Tj 4 -( -)(4)
Again eliminating~T (Appendix, page 47), we obtain
. -D.." (5)
in whichT 3 is again the only variable.
In order to demonstrate the way in which these rela-
tions may be applied in an actual case, calculations have
been made for both the simple cycle and a comparable regen-
erative cycle, with the following conditions:
Simple Cycle Regenerative Cycle
q_ -. 85 .85
t .85 .85
.70
~T 60F 60 0F
11500F 11500 F
4LP (optimum) = 6.5 3.3
Evaluating the necessary constants using the above data,
we obtain the general expressions for thermal efficiency:
Regenerative Cycle
.351 96.8 (6) .516 269 (7)
(Ti- 950) (T-r-483)
for Tz 1150 0F;1= .204 .277
T12500 F ; = .224 .297
From this we see that the gain in thermal efficiency
in this particular temperature range is approximately 2%
per 1000F increase in turbine inlet temperature, for both
the simple and regenerative cycles.
Fig. 2 illustrates the manner in which thermal effi-
ciency varies with pressure ratio for the simple and regen-
erative cycles at different turbine inlet temperatures.
Figs. 3a and 3b show the principal characteristics of in-
terest to anyone considering blade cooling. These curves
are based on pressure ratio for optimum thermal efficiency
at every temperature.
With the above picture of the possibilities for im-
proving gas turbine thermal efficiency by increasing the
turbine inlet temperature, we will now consider blade cool-
ing as a means to this end. In the balance of the paper a
simple blade cooling scheme will be selected for study.
The parasitic losses attributable to such a system will be
estimated. Then the actual flow of cooling air through the
system will be analysed in detail, and an estimate of the
effectiveness of such a scheme will be made.
Many schemes have been proposed for cooling turbine
blades or protecting turbine blades from the hot gas stream.
Simple Cycle
A few of the more common are as follows:
1.) Air cooling, with cold air passing through a
passage or passages in the blade and discharging
into the hot gas stream.
2.) Air cooling, as above, except cooling air dis-
charges into a diffuser in the turbine housing
and is recirculated.
3.) Air cooling and boundary layer insulation, with
cooling air discharged through slots in the lead-
ing edge of blade and maintaining a boundary lay-
er of relatively cool air over surface of blade.
4.) Air cooling, with air passing through U-shaped
passages in the blade, returning to disc for re-
circulation or exhaust to atmosphere.
5.) Water cooling, with water above critical pres-
sure in blind holes in blades, circulating by
convection and changing to steam at a point in-
side the disc.
6.) Water cooling, with water flowing outward through
porous blade material, emerging at the surface
as superheated steam.
It is not the purpose of this paper to compare blade
cooling systems, one with another. Scheme No. 1 above has
been selected for analytical purposes because it is reason-
ably simple, involving only minor modifications in design.
Also, because of its relative simplicity, it is reasonably
susceptable to theoretical analysis.
Fig. 4 shows such a cooling system in its relation
to the various components, as well as the actual physical
means by which it is to be accomplished. The blade cool-
ing air is ducted through the shaft and up to the blade
roots through a segmented cavity in the disc. Since the
radial velocity of the air is relatively low in the disc
cavity, a highly efficient compressor stage results, pro-
viding a pressure head above the nominal compressor exit
pressure. This additional pressure head will make possible
a high velocity flow through cooling passages in the blades,
and the high velocity flow in turn givesgood cooling effect-
iveness.
To complete the general picture of factors influenc-
ing the liklihood of success of a blade cooling system it
is necessary to make some quantitative estimate of the
thermodynamic losses which will be incurred in the opera-
tion of such a system. In the method of Fig. 4, we will
consider separately, losses resulting, based on two differ-
ent assumptions: 1.) irreversible mixing of cooling air
with hot gases, and 2.) bleeding off and "throwing away"
the high pressure air used for cooling purposes.
In the first of these the analytical approach is
difficult because of several factors which are not well
understood. We do not know how much stratification of
cooling gases will reduce the loss caused by irreversible
mixing. The turbine disc does an appreciable amount of
work on the cooling air as it passes through, while this
in turn reduces the lose due to irreversible mixing. And
it is possible that some of the energy in the cooling air
in the form of radial and circumferential velocity could
be recovered if a well-designed diffuser could be built in-
to the turbine housing,
The following calculations, which are intended to
give a reasonable estimate of the thermodynamic losses,
are based on the assumption that full irreversible mixing
of cooling air with hot gas from the burner takes place
before the first turbine stage. That is, instead of ent-
ering the hot gas stream at the blade tips of the first
stage, the cooling air is assumed to enter the hot gas
stream as it leaves the burner.
Thus the compressor thinks the cycle is operating
normally, the burner thinks the cycle is operating at a
slightly reduced gas flow but normal temperature, while
the turbine thinks the cycle is operating at normal gas
flow but slightly reduced temperature.
No allowance is made for the enthalpy lost by the
cooling air in the cooling air cooler. This will tend to
make the result optomistic, but the previous assumption of
mixing before the first stage is very conservative, so
that the result may be a reasonable estimate of the actual
lose.
If we define as the ratio
Weight of cooling air (7.9)
Weight of cooling air plus hot gas
and refer to the simple gas turbine cycle with air cool-
ing as outlined in Figs. 5a and 5b, we may write for the
thermal efficiency:
( (- ~T(r3 -Tz) (8)
Following virtually the same algebraic steps as in the
previous derivations, we may reduce the above expression
to
(4 - 0(9)
where Coo and B.are constants under the given assump-
tions.
For the regenerative cycle, Figs. 6a and 6b:
(10)
Here, since the cooling air is mixed with the hot gases in
the turbine, will be a function of ( -- ). The rela-
tion is obscured by the difference in mass flows of hot and
cold gases in the regenerator, which partially compensates
for the slight reduction in T'. Moreover, it would seem
reasonable to assume that T will be affected only slightly
by.changes in * If it is assumed to be independent for
small values of , Eq. (11) becomes
C()1)
where C-&.%. and ~3, are constants for small values of 9 .
To use these results we assume a set of operating
conditions and evaluate the constant terms. The calcu-
lations are shown in the Appendix, page 49 and are based
on the following:
Simple Cycle Regenerative Cycle
.85 .85
+ .85 .85
1%PL 1- .70
600F 60F
T- 16000 F 1600F
(}A. (optimum 4) 13 5
Evaluating the necessary constants we obtain:
.428 .163 (13).455 .108 (14)
for I-(l~S ) (l~ )
'S 0;.265 
.347
5 = .01 .247 .346
.1; 10 .2634 .335
Thus the loss in thermal efficiency resulting from
the assumption of complete irreversible mixing of cooling
air and hot gases as shown in Figs. 5 and 6, is approxi-
mately .17% for 1% cooling air flow in the simple cycle,
and .10% for 1% cooling air flow in the regenerative cycle.
The second assumption to be considered is that the
high pressure air bled off from the compressor is simply
"thrown away" and has no further effect on the cycle. This
yields readily to analysis, since the various temperatures
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are now unaffected and the only changes to be considered
are in the mass flow. Thus for the simple cycle with
defined as before:
I (-9) (T 3 -T-) (15)
which reduces to (Appendix, page 59)
C .. (16)
in which C andj3 are constants for a given set of oper-
ating conditions,
In the regenerative cycle,
-F-3 
-F4 -(T )(17)
( - S)(-T-. --q
which in turn reduces to
C -- (18)
Making use of Eq.(26) and Ec(38), we assume the same
operating conditions as in the preceeding calculations, and
arrive at the following results:
Simple Cycle Regenerative Cycle
1.002 .721 (19) ,805 '444 (19.1)(1-S) ( -5)
0 281 .361
.=01 274 .356
..10 ,201 .312
Here we see that the loss in thermal efficiency resulting
from the assumption of "throwing away" the cooling air bled
from the compressor is approximately .7% for 1% cooling air
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flow in the simple cycle, and .5% for 1% cooling air flow
in the regenerative cycle.
Since the latter assumption gave the more conserva-
tive results it would be reasonable to use these results
alone, However, we may be even more conservative and use
the sum of the losses from both assumptions, giving us
.87% lose for 1% cooling air flow in the simple cycle, and
.6% loss for 1% cooling air flow in the regenerative cycle.
Referring to Figures 3a and 3b we find that the gain
in efficiency per 1000F increase in turbine inlet temper-
ature is approximately 1.5% for the simple cycle and 1.6%
for the regenerative cycle. Correlating this with the
above figures for losses, we can arrive at a "break-even"
ratio of effective cooling to percent of cooling air flow,
at which the gain in efficiency made possible by the blade
cooling is just enough to make up for the losses in effi-
ciency rasulting from the operation of the blade cooling
system. This "break-even" rate for the simple oyole is
580F of effective cooling per percent of cooling air flow,
while for the regenerative cycle it is 380F per percent of
cooling air flow.
This is an encouraging result, since it indicates
that the most favorable opportunity for successful appli-
cation of a blade cooling system exists in the cycle which
is already the more efficient of the two considered.
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II
Analsis of Gas Turbine Blade Cooling System
In this section the blade cooling system described in
the first section will be analysed. Cooling air flow will
be traced through the disc and the cooling passages in the
blades, and methods of calculating the changes in tempera-
ture, pressure, and velocity will be shown. Then actual
calculations will be made, based on certain assumptions of
cimensions, proportions, and operating conditions. From
the numerical results obtained it will be possible to es-
timate the heat transfer coefficient on the surface of the
cooling passage. The value of this coefficient will then
be used to obtain a first estimate of the effectiveness of
the blade cooling system.
Referring to Fig. 4 we may observe that it should
be possible to keep the pressure drop in the cooling air
duct quite low. The duct can be made of generous propor-
tions, and the air at this point is quite dense, being at
a high pressure and comparatively cool. The first appre-
ciable change in state experienced by the cooling air oc-
curs as it enters the disc cavity through connecting holes
in the shaft. Fig. 7 is a sectional view of the turbine
disc, and shows the gas path after it reaches this point.
The pressure distribution in such a rotating space
yields to a fairly simple analysis, if radial velocities
are assumed to be negligible. The validity of this assump-
tion will be discussed later in this section, when actual
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dimensions are being considered. For the present it will
simply be assumed.
Fig. 8 is a simplified portion of Fig. 7 , identify-
ing the terms used in the following derivation. Consider-
ing for simplicity unit thickness perpendicular to the pap-
er, the condition for equilibrium of body force and pres-
sure in the gas is
2x
)&L _V d4--
OY (20)
where
otm = g - t
Assuming the compression to be isentropic, we may
write as a function of e , and the resulting differen-
tial equation has as its solution, (Appendix, page 65)
+ -?j XC (22)
where C is a constant defined in Eq. (21,6)
Thus, if the design proportions are such as to jus-
tify the assumption of low radial velocity, we may easily
evaluate the pressure available at the root entry to the
cooling passage in the turbine blade.
At the exit from the cooling passage at the blade
tip, we know that the static pressure of the cooling air
must be equal to the static pressure of the hot gas flow
in that vicinity. This, in turn, is readily calculated
from the turbine inlet conditions and the velocity dia-
grams used in the first stage,
15
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The problem of determining the flow through the
cooling passage thus reduces to a one-dimensional gas flow
problem, with entrance and exit pressures known. It will
be assumed that the passage is of circular cross-section
and of constant area throughout its length. Fig, 9 shows
the isolated cooling passage, with the factors influencing
the gas flow indicated. The equation for this type of
flow, taking into account compressibility effects is
+i. iv\) ( 7 + - + (23)
where f is the ratio
velocity of cooling air relative to blade
velocity of sound in cooling air
and the other symbols are defined on page 63 of the Appendix
The usefulness of this equation lies in the fact that
by a step-wise integration along the path being studied,
the change in Mach Number (M) may be traced, from an assum-
ed value at any point. Since this presupposes a knowledge
or assumption of the value of Talong the path, the static
temperature and consequently the local velocity of sound
may be evaluated. The Mach Number then gives the actual
velocity of the cooling air relative to the blade. Since
the mass rate of flow is constant all along the passage,
the density is determined, from which finally we may oalou-
16
late the corresponding pressure.
The step-wise integration is greatly facilitated
by tables of Mach Number functions consisting of combina-
tions of the Mach Number factors appearing in Eq. (23).
In the following paragraphs, Eq. (23) will be further ex-
plained, and the various influence factors will be eval-
uated in terma of the particular problem being considered.
Referring again to Eq. (23), we find that the quan-
tities requiring evaluation in terms of the flow conditions
are - and-. To determine the value of as a
function of A., we must take into account the heat that
is flowing into the air stream from the cooling passage
wall, as well as the work that the tube is doing on the air
stream as a result of its angular velocity. The use of
Reynold's analogy between heat transfer and friction is
convenient, as it replaces the heat transfer coefficient
by a function of f , which already appears in Eq. (23).
Using Reynold's analogy we find (see Appendix, page 66)
.C = . -r z + (24)
It is necessary to find ~T as a function of A., to
carry out the integration of Eq. (23). This can be ob-
tained from Eq. (24) if ~T~, is known as a function of a..
If Tw is assumed to be constant, Eq. (24) is linear in
and can be solved directly. The actual solution is long
and tedious but straightforward, and the result is shown
in the Appendix, page 67 . To use this solution, or any
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other solution giving T as a function of /t, it is con-
venient to plot -T against f... on a graph, particularly if
the function is complicated.
The quantity oLXin Eq. (23) represents the body
force on the fluid. Neglecting the force of gravity, whioh
is extremely small compared to centrifugal forces, we have
d. X = ^ - (26)
This may be evaluated as a function of T-(Appendix, page 67)
to give finally
(27)A g ~TUT-
Substituting the values found in Eqs, (24) and (27)
in Eq. (23) and simplifying (Appendix, page 67) we get
the equation which will be used in actual calculations:
d. MV' 2. Mv ol M 1=-e ( M)F d
+-~F (rF ta,+3( F (,as)
All symbols in this equation which have not already been
defined, are defined in the derivation in the Appendix.
The use of this equation to solve a specific problem
in the flow of air through a rotating passage may be facil-
itated by use of the following procedure:
1.) Obtain all necessary design data and operating
conditions, including rotational velocity, hot
gas velocity, state at first stage rotor, and
18
all related dimensions.
2.) Determine pressure rise in turbine rotor and
corresponding temperature of the cooling air at
the root entry to the cooling air passages.
1q. (22) gives pressure rise, and temperature
rise may be determined using air tables or per-
fect gas relations.
3.) Assume a value for Mach Number at tip
4.) Calculate ~fO as a function of the radius At
using Eq. (25) with above data and an assumed
wall temperature.
5.) Plot ~T vs. 't.
6.) Decide on number of steps to be used in integra-
tion, thus determining am,, and evaluate the
mean radius PL for each step,
7.) Referring to the graph of ~r. vs. Ae, select a
reasonable value for the average temperature,
and use that value to calculate an average value
of the friction coefficient, .
8.) For each c. in 6.), evaluate the coefficients of
the Mach Number functions: F (T~ Ot , 2 a
9.) Rule a sheet of paper into as many horizontal
spaces as there are to be steps in the integra-
tion, and identify each with the mean radius to
the corresponding 44s. (see Appendix, page 70)
10.) Write the coefficients evaluated in 8.) in a
19
vertical column in the order given, in the ap-
propriate spaces.
11.) Referring to tables, evaluate Mach Number func-
tions for the tip Mach Number chosen in 3.),
multiplying immediately by the appropriate coef-
ficients.
12.) Get algebraic sum "S" of the three terms in 11.).
513.) d.i m= ; this is the change in Maoh Number cor-
responding to ct&,, The calculation should be re-
peated now for the first step, using the first
result to estimate the value of M at AL for the
first step.
14.) At right margin of sheet and on lines separating
the spaces, note the values of M as calculated,
and in the middle of the space note the estimat-
ed value used as the mean for the step, observing
whether this was too high, too low, or about right,
This helps in deciding the mean value to use in
the next step, as it is desireable to have about
the same number of "highs" as "lows" so as to min-
imize any cumulative error.
15.) Repeat the above for the remaining steps over the
entire length of the cooling passage.
The balance of the calculations follow in the order
enumerated in the paragraph following Eq. (23). Now the
pressure and velocity at the root entrance to the cooling air
passage are known. To obtain the pressure in the disc need-
20
ed to provide this pr essure and velocity, we use the rela-
tion
M
2 (29)
which assumes negligible radial velocity in the disc.
Here K is an entrance loss coefficient with a maximum
value of .5 for an inlet with sharp corners, and zero ap-
proach velocity. M, is the Mach Number in root entrance.
This gives the value of . in the disc required to
maintain the assumed Mach Number at the tip. Now if we
use Eq. (22) we can determine the pressure available due to
the compressor bleeding pressure and the pressure gain in
the disc. Comparison of the two values will show whether
the assumed Mach number was too high, too low, or about
right.
If it was too high, the step integration should be
repeated assuming a lower value. If it was too low, a
higher value may be used. If the pressures were in close
agreement, or if the available pressure in the disc was
found to be somewhat higher than that required for the as-
sumed Mach Number, that Mach Number may be considered to
be reasonable, and the following calculations may be made
on that basis.
With the flow thus determined it is possible to
evaluate the heat transfer coefficient at any point, using
any of the several formulas available in the literature.
"URadiator and Cooling Notes" - Edward S. Taylor
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To be consistent with the previous work it is suggested
that Reynold's analogy should be used, as given in the
Appendix, Eq. (23.2).
To complete the data necessary to set up a heat
balance relation, it is necessary to evaluate a heat trans-
fer coefficient for the outside surface of the blade. For
this purpose data recommended for use with streamlined
shapes may be used, based on a parameter for a single
cylinder, substituting an "equivalent diameter" equal to
the perimeter of the section divided by 1, for the dia-
meter of the cylinder.
With the heat transfer coefficients for the inside
and outside surfaces of the blades it is possible to dev-
elop a heat balance through the blade section. Accomplish-
ing this to any degree of accuracy is a project in itself,
particularly if heat flow in the third dimension is taken
into account. For the purposes of this paper it will be
assumed that the blade material is a perfect conductor, i e.
has an infinite thermal conductivity. Since we know the
blade temperature which this assumption will lead to must
be somewhere between the extremes of temperature which will
actually exist in the section, the assumption may be quite
a good one for getting an average temperature in the sec-
tion.
The resulting calculation is extremely simple. The
P.
perimeter of the blade section must be determined, as well
as the total perimeter, of the cooling hole or holes. Then
"Heat Transmission" - McAdams
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neglecting recovery factors, the heat balance is simply
-~ C)
from which (30)
The difference between this blade temperature and the
stagnation temperature of the hot gas flowing past the
blade is our first estimate of the effectiveness of the
blade cooling system. Since the total mass rate of flow
of cooling air may be calculated, as well as the mass rate
of flow of hot gas, we may express the flow of cooling air
in terms of percent of the total flow in the compressor.
We are then able to refer to the losses accounted for in
the first section, charge these against the gain made pos-
sible by the amount of effective cooling the system has
accomplished, and thus arrive at the desired final result,
namely, an estimate of the net gain in thermal efficiency
made possible by blade cooling.
A complete set of these calculations has been carried
out for an assumed turbine design. Many of the calculations
are quite tedious and will not be shown in detail, The
principal results will be shown below, and some of the more
interesting calculations will be presented in some detail
in the Appendix. The sequence of operations will follow
that outlined above.
1.) First stage assumed to have proportions indicat-
23
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ed in Fig. 7, and for calculations requiring
actual dimensions, a mean diameter of 20 inches
will be assumed. A complete resume of assumed
data is shown on page eB of the Appendix.
2.) Calculations based on assumed conditions give
pressure at radius of root entrance to cooling
passages of 184 lbs./in.2, and the corresponding
temperature is 1 9 2 F
3.) For the first calculation, M at the blade tip
(cooling air) is assumed to be .67, which cor-
responds to a velocity of approximately 1000
ft./sec. at a stagnation temperature of 10004Fabs.
4.) and 5.) Based on the above assumptions and worked
out in accordance with Eq. (2%k assuming Tp con-
stant and equal to 1760 0Fabs.,~~ varies as
shown in Fig. 10.
6.) Using a five-step integration, AoI will be .045 ft.,
and mean radii to each of five steps are shown on
the calculation sheet, page 70 of the Appendix.
7.) The value of the friction coefficient f based on
a temperature of 9000Fabs. is .0052.
8.) and a) Values of the required coefficients are
listed in the appropriate places in the calcula-
tion sheet.
10. ), 11. ), 12.), 13.), 14. ), and 15.) The top space
on the calculation sheet identifies the quanti-
ties in their respective spaces, and also indi-
24
cates the successive operations performed in
these steps.
The result of the integration is a value of .44 for
the Mach Number at the root entrance to the cooling passage.
Using this value, we now proceed to calculate the velocity
and pressure of the cooling air at the root entrance, as
shown in the Appendix, page 71. This indicates a pressure
required to sustain the assumed flow, equal to 118 lbs./in,2
From the previous calculations we expect to have available
a pressure of 184 lbs./in.2
From this favorable result we see that we can either
increase our estimate of the Mach Number at the blade tip,
or else we can decide to bleed from the compressor at a
lower pressure, and thus reduce the losses resulting from
the bleeding. For the following calculations it will be
assumed that the latter procedure is followed, and that the
assumed Mach Number at the blade tip is satisfactory.
Having decided upon a mass rate of flow in the cool-
ing passages, we may now investigate the validity of the
assumption of negligible radial velocity of the cooling air
in the disc cavities. Assuming 80 blades on the disc, and
3 cooling holes per blade, we have for the total mass rate
of flow of cooling air
.. Y. AA = 1.74 LTS./Sec.
Now at the holes in the shaft, (see Fig. 7) through
which the cooling air enters the disc, we have the great-
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est restriction in area. Assuming 1 inch diameter holes,
the radial velocity at that point is 112 ft/sec., as com-
pared to a tangential velocity of 200 ft./sec. At the
radius of the root entrance to the cooling passages, as-
suming an axial width of the cavity equal to 3/4 in., the
average radial velocity of the cooling air is 6 ft./sec.,
compared to a tangential velocity of the disc &t that
radius equal to 835 ft./sec. Thus the assumption that
radial velocity will be negligible appears to be reason-
able.
Calculations following the procedure outlined in the
paragraph following Eq. (30) are shown in the Appendix,
page 72. The results indicate that the assumed increase
in turbine inlet temperature from 15000F to 18000F will
be permissible, since the calculated average blade temp-
erature is 3840F below the stagnation temperature of the
hot gas. The net gain in thermal efficiency, after ac-
counting for thermodynamic losses as indicated in the pre-
vious section, is .021 for the simple cycle and .032 for
the regenerative cycle. These figures include losses re-
sulting from mixing cooling air with hot gas in addition
to those obtained assuming that cooling air is simply bled
from the compressor and "thrown away". These represent
gains of approximately 8% and 9.4% respectively, based on
thermal efficiencies at 15000F.
26
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III
Discussion of Results and Suggestions for Further Work
As was stated in the Introduction, it is hoped that
the methods and techniques used, plus the methods and tech-
niques they may suggest, are a more important contribution
than any of the actual numerical results obtained. On the
other hand it is hoped that since these results have prov-
ed encouraging, interest in the idea of obtaining increas-
ed thermal efficiencies by the use of blade cooling will
continue. Much work can and should be done to increase
both the scope and the accuracy of the results shown here.
One phase of the problem which will bear a much clos-
er scrutiny than was possible here, is in the evaluation
of the cooling air passage wall temperature T - as used in
Eq. (24). This equation is perfectly general, and within
the limitations of the error inherent in Reynold's analogy,
the accuracy of the values of the cooling air temperature
obtained from it will be as good as the assumed values of
the wall temperature, but no better.
Here again the assumption used, namely that Tim-is
constant, is probably conservative, We know that the wall
temperature in the root section will be substantially low-
er than in the blade portion, and therefore the cooling
air actually will arrive at the blade portion at a lower
temperature, and therefore with a better capacity for cool-
ing, than the calculations of the previous section would
indicate.
A point that has not been mentioned previously but
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is nevertheless quite an important one, is the reason for
selecting 3000F as the desired amount of cooling to be
required of the blade cooling system. The limitation lies
in the fact that the second turbine stage is uncooled, and
thus must operate at or below the temperature at which the
first stage could operate without a cooling system. It is
possible, of course, to cool the second stage also, or ev-
en all the stages. But the complication introduced by this
would increase the problem much beyond the scope of this
paper.
If the cooling is limited to the first stage, there-
fore, we may increase the cycle temperature only by an am-
ount equal to the temperature drop obtained in the first
stage. A reasonable value for this temperature drop is
approximately 3000F, but this value can be increased some-
what if the performance of the cooling system seems to
justify it.
Another phase of the above calculations in which there
is an excellent opportunity for further work, is the heat
balance in which the average blade temperature is determin-
ed. The problem of determining the actual distribution of
temperature in the section is complicated by the fact that
the boundary temperature is not known and will in turn be
a function of the temperature distribution in the blade.
This problem might well be attacked experimentally.
Still another problem, closely related to the above,
is that of determining the "mean effective temperature" of
the section with a given temperature distribution. This
29
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would be the temperature of an uncooled section with equi-
valent creep strength. This problem is complicated by
third dimensional considerations, thermal stress distribu-
tion in a multiply connected section, and by the fact that
both the coefficient of thermal expansion and the modulus
of elasticity are functions of temperature, varying quite
markedly in the higher temperature ranges.
No reference has been made in the Bibliography at the
end of the previous section, to the tables of functions
used in the calculations. These are unpublished, mimeo-
graphed tables, and may be available from any organization
doing work in compressible flow.
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NMENCLATURE -
Chapter I
Symbols in the first group below are defined by equations in the
Appendix as indicated.
A - Equation (4.7)
B - i (3.2)
~B -(16.1)
-B - " (18.1)
- "- (8.8)
(10.3)
-
" (5.1)
C - " (3.1)
C6. (16,2)
C " (18.2)
CU (8.4)
C , (10.2)
C,,, - (5.2)
) -" (4.8)
E - (4.9)
- : specific heat at constant pressure
= specific heat at constant volume
= enthalpy, as given in "Thermodynamic Properties of Ai
IL
IlL
Keenan and Kaye
Subscripts and primes indicate point in cycle diagram, thus:
enthalpy at point .'
gas constant z -
=equivalent gas constant used in polytropic change of state.
For expansion,
'im- I=. %- I
-Vw I t
42
r " -
= stagnation pressure - numerical subscript indicates
point in cycle sliagram
= cycle pressure ratio - )jc >1
= relative pressure index as used in "Thermodynamic Properties
of Air"I
stagnation temperature - subscripts and primes indicate
points in cycle diagrams, thus: T '2:temperature at 2."
cooling air ratio, see Equation (7.9)
enthalpy rise based on isentropic compression
[ L actual enthalpy rise in compressor (polytropic compression)
thermal efficiency =net work output
heat inptb
compressor efficiency- isentropic enthalpy rise
C actual enthalpy rise in compressor
regenerator efficiency, defined in Equation (4.2)
turbine efficiency- actual enthalpy drop in turbine
isentropic ehthalpy drop
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APPENDIX - Chapter I
Derivation of Tem erature-Efficienc Relations for S le Gas Turbine
Cycle (Fig. la)
7 = (1)(T3 - T -)(3 -- TZ)
(T>-) (T2-T)
(T 3 T.)
(- -T)
by definition:
(T 3 §r4)
(T3 -T4)
(T -)
(T 1 - 1
( r3 7t
( T3 ,-T)
(T r T)
(T -rT)
(-r3 -T 1 )
(T- T)
(T3-~
KT,w
-
(T3-T') (r3 -w4)
;-IL3 (KT ,)
assuming relations for perfect gas:
T -I
-r-3 0R -F3 - -F
Iq T.
(1.1)
7tC
(1.z)
(1.3)
(I.. I)
- - T'
T 4
-F-I
substituting this in (1.4),
(F3r-r4) 
_T;
(T. 3) E' T.
from 1.3 ,
(1.7)T.
(T T)
, 1
i1t
(T--T
li<F7
ing this to equation
-F3
T
1.i), we have
I F
- I
now considering all terms as
+i I
finally:
(2)
constant except T 3 , let
(~ai)
then,
{A ,3 i ( T ) (z.z)
45
(1.5-)
(1-6)
apply
(1-e)
= T, *- (r - T, )
add and subtract A . in first factor of (2. :
TA
_Tj 3TZ - T,)
T I (T2 -T)
T / T3 -2)
+(A 1 )(T - T)
( -,-3
(T2 T) + (A -)(T-T,)
T 3 - Ta
all terms being assumed constant exceptT3 , we may write this as:
c 
-Tr3A Ta
c =AT
- (A - (T-T
here,-3 will be positive, since
(T,- TI) > 0
T
1T7.T (<.TU) t ( I (3. )
(3.5)
(25)
- LT)
(2.1)
where
and
(3)
(31)
(}.2)
.- (A - I) < o0
(3. 5)
Derivation of Temperature-Efficiency Relations for Regenerative
Gas Turbinecle (Fig. 1b)
(T 3 - T) - (T -
Tr )
(TF3 
-z r")
by manipulation identical to that used for simple cycle, it may
be shown that:
+il- TLc~,
1 ~Jr(T 3 -
in this case, T is a function of T .
by definition, regenerator efficiency
(- ,; - TL)
(4-% (FI- -Tz)
TT
(1q-3)
for polytropic expansion,
substituting this in (1W.3
Tj7' +
T - T '2.
) J~-I
A -
3
(4)
(4)
(q.57)
( t T?-
in order to avoid an unduly complicated expression,
i t
~D L-Eit
T-63
7T
T
-
T I) - T )
(T,- -~ TE)
(r3- T>L)
adding and subtracting in first factor,
ID TA (T2 --TT,)
A (Tr)
(T-r3
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let (4.7)
E~ ~
then, J=(A
(4,9)
QLcII)
A (-T- 
_ 
-F75 1 )
--r3 -2 6 - (-
E,
-DO
-TL - -L) A (-r
:D
-T2 
E:_)_ :D
E"
:D 0 .C1 Z)
again all terms are considered constant except T3 , so we may write:
I
1jC~
where
~T3 - ~TE
-3 T,)
A (T,-) T)
as in preceding derivations, this gives 03, 
Sample Calculations - Change in Thermal Efficiency Resulting from
Change in Turbine Inlet Temperature.
(5)
(s)
Simple Cycle:
T7 6J =.85~
T~ '6 0 F=52O0 RF~bs.
I 2 8.77 B.T. U/L B,
d , = ?2.5-01
2.5o1 6.5~ = 16.3
2.
S . q 3 . U. /B.
Sh -zi 6 . 9 3 - 2 8.77 = 88.I6 S u ./L B.
* NTumerical data in this and following calculations taken from
IfThernrodynamic Properties of Air,, - Keenan and Kaye
49
4~.
1~
using Equation
88.16
. 85
10 4
95o 0 F abs.
'. = 950 -5-a 0
(5),
3 - .
A
+ T ]
.85 x .85
85 j
, 420
(Ar
rF
q 5o
520
- I)(430)
.3 4 - _ 96.5-
T -- 9 50
= 101 B.T. V. /L,
= q50 F
- 2JI
.-
- 96.8
(6)
+ - 18.7 7 = 1 3 3 B3.T7 U B.
= - (. q ?-,q
- 1) Cr,
1610
1710
I= . 351 - . 117 = . 204
- , 351 -. 127 = .229
Sample Calculation - Change in Thermal Efficiency Resulting from
Change in Turbine Inlet Temperature.
Regenerative Cycle:
It
600 F = 520o F oAbs. , =8.77 B.T.V. 
-2.501
3.3 X 2.To4
S79. - Z8.77
= 8.27
= 5~0-,q-AB.
TV
z
S
-V
7660 F
= 766*-
- 59.3 B.T. u/.
+ 28.-17 88. 1 BT. U-L B.
a bs.
0 z
52 o
13
-r
50.1
.8 5
59. 3
.478
7 9. 2 b.TU. /
Equation
CT
QT3 T~
A -
___ 
___ 
__e 685 8
-85 7r -s.7
A 47 N .478 516b 
.76
__
~_;~~ .476
A
A 0 o
5-. -- (-9z8-
2.69
T E7
- : -766
.516 - 26
T4 - I
- 1610' F a.cs -
= 1710' F
I=
- ' Z
.516 -. 239
, 6 5 -. z 19
= 277
= .- 97
Thermodynamic Loss Due to Irreversible Mixing of Hot Gas and Cooliu-
Alr.
Simple Cycle: (Figs. 5a and 5b)
weight of cooling ai.r
Weight of cooling air plus hot gas
(T5 -T M) - (T4 -TO
assuming irreversible mixing,
-T5 M = I- SYv3 , T'
assuming behavior of perfect gas,
-5IM=( I5it
since
.99) A I.o B X (a,6)
= 4 ,3
.. 4 (7)
(7.9)
(8)
(8-1)
(8.2)
=. -F5 IVX (
we may rewrite (0) using (8. ) and 8.2),
(I - s) T3
(8. )
I
I
[(I- S)1735 +
c(r
1-
(85)(Ll-i
c 'I
add and subtract(T 3 - )in the numerator:
(T~-r~)
6)
-~ 4T~ ~ -(r.T,~)
QI% )
-TL)
no' let
then
c~v
(8.7)
SI- ) (-T, -- T )
Tr C-10% - (T-, -T,)
- (-T. --r,)
(T-3 r --2)
c.%
(-i-5 )
c -11I
- ( T2L - T,)(. 5
I - (iL)lt
S-F, I Cl"t
(Ti -- 73)
we are interested in the variations in thermal effieiency corresponding
to changes in S , so can consider
(8. B)_ g,- T1 c -W - (T2-T)
(t3 
-Ti)
as a constant, so that O eoe
~13~
(i-S)
here, 3, is always positive.
Therodyamic- Loss Due to IrreversibleMingoHtBaadColg
Air.
Regenerative Cycle: (Figs. 6a and 6b)
NI ( - TE )T - (Ty )
using steps identical with the sequence from (8) to e$,), we will
(ge)
get:
(9i)
(-r_ -x'T
C =c -3 ,- , =
CG-T)
r~ c- --
(T-; - TO)
( T-3 > - -1. E)
b- ]
(See Equation (0.8))
(See Equation (4.9) )
(0.3)(c.V - (r,)
T-7-3) - TF? E )
here let
where
(1o.z)
LItZ)D 
- @
and
and
-*,*? - C-*VL
then finally,
=aCple- Calu s L oi
Sampl4e Calculationsa: Loe of Thermal fficiency Resulting. from
Irreversible Mixing of Cooling Air and Hot Gag.
(11)
Simple Cycle:
.8 5
TI ,6 F =52 * F Z 28.77 B.TU/B
13
2.o \3 =32.6 ' = 63. 3 v 1./.
6 3.34 -- 2B.77 134. 57 B.T../
34. 57
L5~Y8. 3 ~B.T U.1/
S 2.8. 77 - 58.3 = 7.1 B.T U. /L A
T i6 S0 F ob s
C ____
c - -g) (q)
~- I
(L)~1t i~
(value of k. for 16000 F abs.)
C,
8 5- 34 s -
. 8, 5 4
I -57 Z. = . I z8
56
(8. 4)
( -- F. ) - TC.
(T, - T-)
(- 2 - )=// 65* - 52o' = 645"
T- CW" = . I z 8 1165* = 199 0
(T 3 - T)= z oso* - 11
k (045' - 990
8950
=. 4 8 - * 163
65 = 895*
1160
8 9 5'0
b = 0 .AZ8 -. /63 = .G5-
=q.o , .4 - .16 4 7  .2633 ; =
.10; AZB -. 181 .ZA7 ',
Sample Calculations: Loss of Thermal Efficiency Resulting from
Irreversible Mixing of Cooling Air and Hot ,Gas.
Regenerative Cycle:
. 85~
c.85
- ao F a -, I = Z8-.~7 T-rV. A
r n =z
- t2.5Z = IoI.55~ i317U/LB
(8. 1)
- . 163
(13)
.o017
018
- - dmpm I
~T~
T"Lz.z I 2.5-z
o0 1.5- 6 -28.77
7 Z, 77.8 z 65-. 6 B- )/L
85~.6 + 2.8.77
8 7-4 * F
-
c W (')
(~~i~)
I~-13 - Tal
T 3 -T )
.85
1.-3,95-
E~I -. 7.75
C,,~: I
S.306
855 1.-3 A5'
2oo - 879
obo (0 .515- 8 7q x.-3
.i55- .1o8(t08S
0 .4155- -. 108
.0o I ;
lool
z .5-5- '109
46 v .01?-
.o
= lIl . ~ ) A v
C v /%
(I - 48 5 5~15-
118G
=306 78 155
7'18
86
718
. .io8
( H)
=. 347
,n k 'Z
-B. T ./L6= 7Z..78
,.306
Loss Due to Bleeding Cooling Air from Compressor
Simple Cycle:
(15)
(Tr - T I
(T (T - T2) YI
(-(T; - T,)
(Tz-T) _ _ -_b(T, -- r)
(TL - T,)
From derivations given earlier,
(j5-A)
(T -T
-F3E F
+t __r___
To
it IC
'I cr. - 7)]
and
(1.8)
Ar (2.1)
59
(I,- )q TI;
T-1 A) -T;
becomuesFA T,- (FT- r )(T; -17--)
assuming > to be the only variable, we may write:
I1=
where
C Lr
C61-
T.T)
AB -F-6T
Loss Due to Bleeding Cooling Air from Compressor
Regenerative Cycle:
((TS -- )
by a derivation similar to the above, we can show that:
Z-c (v'AJ
where 
~B
- 2 ,7
ers F - )
so that
then ( 15', ))
(I5?)
(~3)
(6)
and
(16.1)
(,.2)
(7)
(18)
(Q8.I)
and (Isa)
Sarple Calculations: Loss Due to Bleeding Cooling Air from Compressor
Simple Cycle: (Results of previous calculations used wherever possible)
- CL,.
-i3 ..
(:>)
13( (T i-T)
(T, -r)
85~ x . 85-
1+ . 5 6 5
.772I
89 5*
= .3 9ra
X 7 2060
. 3 2 .72 a
5-20*
= 1.002.
= 1.602.
.721
-- 8
1.002 -. 728 = .274 3 a -007
-, go z .2.oI ', A -08
Ar F bT3
-o:,
(Iq)
= .01
= A B 3
= /. 00 2 - . 7 z = .28
-. 1.0o -t.=. 10 , I
~ThInDle Calculationst Loss Due to Bleeding COo4, Afrfroiii Coi~a)ressor
Regenerative Cycle:
possible.)
(Results of previous calculations used wherever
I = c&,,
~T3- -r E 7 9 80
~T3AB~T
.85 K .B
l+.s x - -5~2. o
206 0
.458 6.444 X2 52o
. 805~ - 444
-S
0 80 -414
.01 ) I
10 . .805~ -- .
Q8)
A :
=.805
(?- )
'361
. 5-6 ; e 005
. 3 2.i ^* -o 50
Saml Calcul tionst
Loss Due to Bleeding Coolinir fro Coapess or
. 8 0 5~-- . 4 499 --=
q qq
- NGENCLATURE -
Chapter II
Symbols in the first group below are defined by equations in the
Appendix as indicated.
75- Equation (27.8)
C - i (21.6)
F - i (27.9)
F(M)
FS (M)
Fe(M)
cftX
CA
OL )
CL X
C
M
it M = change in Mach Number in distance do,
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- " (27.6)
(27.5)
- I (27.4)
= specific heat at constant ptessure
= radial velocity
= specific heat at constant volume
diameter of cooling passage in turbine blade
mean diameter of turbine blades
= mass weight of element of air (Equation 21 )
heat added to cooling air
work done by cooling air in distance dh/
= body force on element of mass (Equation 26 )
= coefficient of friction .0 6
= acceleration of gravity
mass rate of flow of air velocity X density
heat transfer coefficient (a hot gas side
ratio work units
equivalent heat units
Mach Number = ratio radial velocity of air in cooling passage
velocity of sound in cooling air
rabsolute pressure
pressure at radius /.,
change in pressure in distance oL/t,
= distance from center line of turbine shaft
= radius at which stagnation temperature G, is known
gas constant for air
= static temperature (Equation 26.2)
= stagnation temperature relative to bounding surface*
c = change in in distance d/tt
fOgI = stagnation temperature at no
T = temperature of wall of cooling passage
specific volume
A = specific volume at radius ft. 0
Us- mass rate of flow of cooling air (Equation 23.2)
= angle of segment (see Fig. 8)
= viscosity of air
= weight of unit volume
- =velocity of rotation in radians/second
* stagnation temperature of hot gas
TC,= stagnation temperature of cooling air
blade temperature
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APPENDIX - Chapter II
Method of Determininp Increase in Pressure of Coolin A-ir in Turbine
Disc.
Radial volocity assumed negligible:
(for unit thickness) (z O)
where -
assuming isentropic ccmpression,
d=o
der h--m....
(21.1)
(2 |.2)
(zv3)
-VIC \PO
and
0 v
this is separable, and may be written:
I~X o C..o~ (z .6)
(z t.6)
the solution of ( 2 1. 5) is:
+Fi
-'I) ~ (zz )
55
where
(n- ()
E9e
I
/VI-
I
d-3 vt
(z 1. 1)
Evaluation T
From simple heat transfer relations:
where
Using Reynold' a analogy between heat transfer and friction,
CVI1 4CC~d
so that(za. ) becomes:
0, C-P LQ
a jOL",
within the fluid,
cAQ Otk-OL +C 4( WJ
A(W ) =
so that d Ql -Td 3 I
this with Equation(-35),
Li
we obtain:
2. c A
from which
ST = 2. T-T+ (-fl, JLI
j C-1
(2 3.1)
(2-.2)
(23.1)
(2 3.5)
here,
and
(2-3.6)
ombinirig
(z3.[)
(235.8)
--i--a) (z3.9)
2 3.9 )
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Mor- - - --
-Tr
k = CO Y &
a Vx +d-( )= tLT
-rL E
0L 0and
-~~-z -- j-TLai
a ~
assumingTw constant, solving Eqution ( Z .qgivs
T T0 IAI ...rL~ x
,I-
(-,L
Evaluation, o Body Force S X
Neglecting gravity, 0 X -nS
evaluating dL*1- in terms of volume and density, we have
(-X
AT
her, T is the static temperature of the cooling air.
T I 2.
so that OL X
0-x
+
-MJ. -'& d ( I
Development of Final Form of Cooling Passage Air Flow Relation
Combining Equations ( 2 5), ( 2 4 and (2 7),
+ 2. n )2.
k-I -A
+ Mr- I ~y 4 Y
(2 4q)
(?- S)
(2(,.1)
M) (26.3)
(a 7)1 m
1-r ), d
j -Pr (27. 1)
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e TO +
I
(26-2)
-rt:'L- pr, d,%-,
(a 7.2)-L 2 ! (T" r1l ",q(I + hm M r0 
-F5 C-e
so that
M'-+L M((t)+ y 9
(I -m)
(+
0( -f
No wede(i -t fnti) for whic a b .' re (
Nocr we define the following functions, for which tables are available:
F ( M)-- (2 7. 1)
27.5)
M-' 9iL (27.(6)
- - z)
Equation (27 3) then becomes:
OL M'= Fe ( MY 2+
- F (M)
It is convenient, in connection with
of Equation(z 5), to evaluate these
Z 
_,&
F (M) i /
-L'-L (27.7)
this and also the calculation
additional factors:
(278)
(2.7. 9)
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F (M) 2- M (I-
and
M ( - 1+ kM'
FS ( M) = -M" 0 (
( I M%)
so that finally,
eM' = 2 t = Fe ( M) F r + F F
+ FA 
-To
Sample Calculations-Analysis of Blade Cooling System
1.) Assumptions:
Mean Diameter
Blade LAngth I .
-Blade Root Depth 
. 25- Dn
Length of Blade Cooling Passage =1, i:D)%
Diameter of Blade Cooling Passage ,o o 4 -
Diameter of Shaft 
.2 D
Rotational Velocity - ***
Turbine Inlet Temperature
Cooling Air Temperature (entering shaft)
Cycle Pressure Ratio
4~ .4- ~~t C I" '~C 11-L .
C--
at root entry to cooling passage,
9 = 26,550 L B5/pr 184 L'S/IF T -
stage compression ratio .8- .1. 93
9 5~.iS.
temperature based on isentropic compression 9 2. * F
(a-8)
1. 67 Fr
22 'FT.
. 41 (0 FT
12.00 r
180oo*F
80*o F
6. 6~
(2 1. 6o)
F 9
I~ I~in
F STIER) F (T. oA. & xFT(. )
r.;
F (M)=' (SuV1 oz Arove
F (M)=
.0666
. 270
.0372
.0 W9i
TIl
LJ5Eb Fast5Avepe
.0 ~ 9 g
I. ~t'~
7 .64
(Hi , GH)
.0603s
o24 9r
.07 ZI
.0473
-032,16 
.05 3
.079?
-. 0 256
0 2 -55
.G? o
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Calculation 
of Pressure 
Reguire~ to 
3uatain Assumed 
Ti~ Coo1.in~
lCalculation of Pressure Requrd to Sustain Assumed Tip2 Cooling
Air Velocity
To =71o0 F o.As.
+ a- z 7i11 F . 6s.
at tip, mass rate of flow:
G; %TCA TV
= 576 r./sEc.
2.0 ,LB. /FT. SEC.
mass rate of flow at root must be the same,
'. C7 a oor Z09 LB./FT.A
=.34 LB/rr3
3ooT IkoOT RooT = 97 L/-
to get pressure in disc necessary to sustain this pressure and
velocity in the cooling passage, Equation ( 29) gives:
using < = .5~, this gives:
SEC.
RooT
7 = -T. (I
Calculations - Two Dimensional Heat Balance in Turbine Blade Section
Reynold's Analogy, for inside of cooling passage the heat transfer
coefficient
c =C 3.)
Assuging same average conditions as in previous calculations, with
c = 170 B.r.,/ -.*F V T.
For outside of blade, using method recommended for streamlined
shapes * the heat transfer coefficient is:
320 3.T. U./*oF~r-.Z
With the dimensional proportions assumed at the start of these
calculations, and assuming three cooling passage holes per blade,
the ratio
circumference of blade section
_ circumference of holes
will fall in the range 3.5 to 4.5, depending upon the pitch-chord
ratio and the shape of the section. Using a value of 4 in this range,
and using Equation (3o)
-T -- 13 a o'F
The stagnation temperature of the hot gas relative to the blade is
Te = 167A 0 F
the effective cooling is therefore
-- 'T' = 1 (67 1* - .~5 0* = O5'F~
To attain this amountof cooling,tthe cooling air flow, calculated
previously, ia 1.74 lb./sec. The hot gas flow for a turbine of the
assumed dimensions and an axial flow velocity equal to 600 ft./sec.
is approximately 63 lb./sec. Thus the cooling air flow is
1.74
' -- . o 2.'7 o 2.7 *fo
of the total flow in the compressor. The overall effect of applying
the blade cooling system may be summarized as follows:
* Heat Transmission,"- Mc Adams
at 15004F turbine inlet temperature
at 18000 F turbine inlet temperature
Gross gain due to increase in temperature
Estimated maximum los8 due to blade cooling
Net gain resulting from blade cooling
Simple Cyce Regenerative Cycle
.265 .340
.310 .388
.045 .048
.024 .o16
.021 .032
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